With the extension of the low-carbon economy in the transportation field, electric vehicles and its related technologies have been rapidly developed. As the power source of electric vehicles, the reliable operation of the motor and its drive system is a key factor to ensure the safe and stable operation of the while vehicle. Permanent magnet synchronous motor (PMSM) have received much attention in this field due to its wellknown technical advantages. The control performance, efficiency, and reliability depend to a large extent on the health of the rotor permanent magnet. Therefore, the online and reliable monitoring of permanent magnet flux linkage is particular important. The performance degradation of permanent magnet is called demagnetization fault. It is directly related to the flux linkage of PMSM. In this paper, the whole drive system of an electric vehicle with healthy PMSM and demagnetized PMSM has been built. As the magnet flux linkage is proportional to the strengths of the permanent magnet, it is essential to estimate the flux linkage online to detect the demagnetization fault. Based on that, demagnetization fault diagnosis scheme for PMSM in electric vehicles has been proposed based on the state equation under dq axis reference. The scheme consists of the following serial processes: state judgement, data extraction, H infinity filter, estimation of magnet flux linkage, fault decision. The simulation results show that this method is robust to the inaccurate initial state value and can be used under dynamic progress online.
Introduction
Driven by both environmental protection and energy conservation, the low-carbon economy has expanded into the transportation field. Due to its low pollution and low energy consumption, electric vehicles are destined to become the main carrier of future transportation tools. As the power transmission system of electric vehicles, the motor and its drive system have been paid more attention than before among researchers. The health problem of this system is an important factor to ensure the safe and reliable operation of the whole vehicle. Therefore, it is imperative to carry out fault diagnosis research on the motor and its drive system to ensure and improve the reliability of the vehicle operation.
Because of many advantages and well-known brand effect, permanent magnet synchronous motor (PMSM) is widely used in electrified vehicles. The advantages
Nomenclature
Abbreviation PMSM include high torque to volume ratio, high power density, precise torque control, etc. However, due to the limited installation space, high power density, poor cooling conditions, complex operating conditions, strong armature reactions, and natural aging, PMSMs for electric vehicles (EVs) are prone to local demagnetization (DM) or even DM failures of permanent magnets [1] . As a result, the output torque and the efficiency of the PMSM are reduced. The speed pulsation occurs and the energy consumption of EV increases. Depending on the severity of fault, DM can be reversible or irreversible [2, 3] . However, it has been verified that irreversible DM does not arise in the PMs under the steady states. Instead, it arises under transient states [4] .
Condition monitoring and fault diagnosis of PMSMs problems are essential to guarantee its availability with high motor performance, efficiency, and reliability [5] . Due to the existing irreversible DM, this fault is receiving more and more attention. At present, according to the selected fault diagnosis basis, there are three methods of PMSM DM fault diagnosis: data-driven method, model-driven method, and method based on highfrequency signal injection. Based on the terminal measurement data of the PMSM drive system, the basic idea of the data-driven diagnosis method is to extract the DM fault characteristic signal through an effective data processing technology. The analysis object of this method mainly focuses on several aspects of PMSM current signal [6, 7] , voltage signal [8, 9] , noise and vibration signal lamp [10] , while the data processing technology mainly focuses on fast Fourier transform [6] , wavelet transform [7] , and Hilbert-Huang transform [11] . The model-driven DM fault diagnosis method is based on physical model or mathematical model of PMSM to obtain PM flux information and finally realize the DM qualitative description and quantitative diagnosis of fault. Some approaches are based on the finite model of PMSM [12, 13] ; however, as a physical model, it is difficult to achieve convergence with the actual PMSM drive system and unable to achieve real-time acquisition of flux linkage and online diagnosis of DM fault. Another type of model-driven method is to construct a PM flux online observer using dynamic data processing technology. This method can provide accurate quantitative data for DM fault diagnosis, and it can be easily integrated with other solutions to realize pattern recognition and fault-tolerant control with different degrees of DM faults [14] [15] [16] . The high frequency signal injection method is based on the change of the electrical characteristics caused by the change of the magnetic circuit state of PMSM before and after the DM. This method can simultaneously diagnose local DM failure and uniform DM failure. However, this method must be carried out when the motor is at a standstill, and cannot realize real-time and online DM fault diagnosis [17, 18] .
For the PMSM's operating conditions of the automotive, the ambient temperature of the permanent magnet (PM) usually rises on account of overload, the heat dissipation conditions, stator winding failure or the like, and then causes PM to be uniformly demagnetized. The rise in ambient temperature accelerates the DM process. This failure mode does not cause the asymmetrical equivalent physical structure of PMSM, so fault characteristic harmonic does not appear in the stator current. For uniform DM failure, a model-driven method is used to estimate the PM flux linkage and then realize the diagnosis of PMSM uniform DM fault.
In this paper, a whole electric vehicle model with healthy PMSM and faulty PMSM under different DM degrees has been built in Matlab/Simulink. At first, the operation state is judged whether it is a stable conditions, and then the necessary data from voltage and current sensors are extracted, and as followed, the flux linkage is estimated based on the state equation using H-infinity filter, and the fault decision is made based on the estimated flux linkage at last. The simulation results show that this method can accurately estimate the flux linkage and is not affected by the initial value of the state parameter and operation state.
HF based flux linkage estimation

PMSM model
Before building the simulation model, we need to make some assumptions as follows:
a. saturation is neglected although it can be taken into account by parameter changes; b. the induced electric magnetic field is sinusoidal; c. eddy currents and hysteresis losses are negligible; d. no field current dynamics is considered, and no cage exits on the rotor.
The stator voltage equations of a PMSM in abc reference frame without faults are described as follows:
where
To decouple the flux linkage and the rotational angular, a rotational coordinate system is used. The dynamic current equation of the PMSM in the dq rotational reference frame can be expressed as follows:
The electromagnetic torque equation in the rotor reference frame is shown below:
(4) For a surface PMSM, inductance under d axis equals to that under q axis. Here we set them as L. In addition, in order to realize the on-line identification of the PM flux linkage, it is necessary to take the flux linkage as a state variable in the state equation. Taking into account the slow-changing characteristics of PM flux linkage, it can be assumed that the amount of its change is zero within one control period of the dynamic system. Then the PMSM state equation for PM flux linkage identification is shown as follows:
According to the state equation, the state vector, input vector and the output vector of this system are shown as follows:
Because the PM flux linkage is included in the state variables, the state estimation of the nonlinear system can be achieved through a certain nonlinear filtering method, so as to realize online identification of PM flux linkage. Figure 1 . PMSM drive system diagram In this paper, field oriented control (FOC) is applied in PMSM drive model. FOC makes the stator field vector orthogonal with respect to the rotor field vector. This is achieved by driving the d axis current to be zero so that the electromagnetic torque is only proportional to iq. The advantage of this control method is that maximum torque-current ratio, as well as the high efficiency, can be easily achieved to reduce the copper losses. Figure  1 shows the drive system model diagram of electric vehicle. Firstly, the vehicle controller receives the acceleration or deceleration commands from the driver, which is represented in the form of accelerator or brake pedal position and then convert it to a torque command to the PMSM controller. Based on the principle of FOC, the PMSM controller outputs demanded current id* which is set to be zero and iq* which can be calculated by (4) . The values ia, ib and ic from three phase current sensors are transformed into id, iq using Park's transformation, sent into a current hysteresis controller and compared with id*, iq* to get error signals. The error signals are used to be transformed to ud*, uq* using PI controller. After the transformation of coordinate, ud*, uq* are transformed into uα*, uβ* which can be input into the space vector pulse width of the inverter to generate the switching signals. These signals help the inverter convert the DC voltage of the power batteries into three phase AC voltage the driving cycle needs and finally control the output electromagnet torque of PMSM.
Electric vehicle model
H infinity filter (HF)
The HF method uses a minimax criterion. It does not need to know a priori information such as the statistical characteristics of the environmental noise, and could minimize the influence of outside interference on the state estimation result. Therefore, this method is more robust to system model errors and external disturbances. In this paper, HF algorithm is chosen to estimate the flux linkage of PMSM based on its robustness advantage. According to the requirement of HF algorithm, a state equation of the system should be given first. The state space equation can be formulated as:
where x, y and u are shown in equation 6. The estimation target Z is unknown flux linkage ψf in the state vector x, and the user defined matrix L= [0,0,1], Qs and Rs are the covariance of the process noise and measurement noise, respectively. The system matrices are given in Equation (8) .
where Ts is the sample intervals. The general procedure of HF is listed in Table. 1. In this table, δ is the constraint boundary, S is a user defined positive definite matrix which will affect the gain matrix, and I is the identity matrix (3×3). 
Prior estimate of error covariance:
Symmetric positive definite matrix update:
Step 3: Measurement update: Innovation update:
Kalman gain matrix update:
Measurement update of error covariance:
Step 4: Time update: return to Step 2. 
Simulation and result
(a) (b) Figure 2 (a) . Velocity of the EV simulated model; (b) flux linkage estimation using HF algorithm The main parameters of the PMSM and the specific parameters of the electric vehicle are shown in Table 2 and Ref. 1, respectively. Based on the mathematic equations related to the kinetic and every component shown in Fig.1 , a whole electric vehicle is built in Matlab/Simulink software. In this paper, a target velocity 50km/h is set for the whole vehicle model. The operation time is set 20 s. Under this condition, the response of the velocity from the simulated vehicle model is shown in Fig. 2(a) . For this pure EV model with a non-DM fault PMSM, the time for reaching the target velocity is about 9s. It is reasonable for a pure EV. So this model is valid and could be used to test the efficiency of flux linkage estimation based on HF algorithm. Fig. 2(b) shows the estimation result for the first 15 s. From the curve, we could see that the flux linkage could be estimated accurately based on HF algorithm except for the long convergence time under time-varying velocity of EV. As the flux linkage cannot change in a short time, an adjustable scheme for this kind of fault diagnosis is proposed, as is shown in Fig. 3 . This figure show the operating mode for the proposed online fault diagnosis scheme. To shorten the convergence time, the state should be judged whether it is steady before using HF algorithm. Using the speed information, Mode 0 detects whether the vehicle is reached at the steady state as follows:
For the short time and accuracy, the vehicle is recognized to be in the steady state when (9) is satisfied continuously ten times. As soon as the steady state condition is satisfied, the operating mode is changed to Mode 1. In Mode 1, the periodic data from the voltage and current sensors are acquired and are input into HF algorithm to estimate the flux linkage. When the output of HF algorithm converge into a value, the operation mode is changed to Mode 2 to identify the fault. The proposed scheme detects the fault cause by DM of permanent magnetic in rotor by continuously monitoring the variation of the flux linkage estimated by HF algorithm from that in the same non-DM operating condition by real time. For this purpose, a fault index is defined as follows:
where ff  is the estimate flux linkage by HF algorithm.
According to DM%, the degree of demagnetization could be obtained. Fig. 4(a) and (b) , respectively. From the two figures, we could see that, as the degree of DM deepens, the time for the vehicle to reach the target speed becomes longer, and the maximum electromagnetic torque also decreases proportionally. Fig.4(c) shows the results of the HF based flux linkage estimation method under different DM degrees when Mode 0 is satisfied. In order to clearly characterize the HF results, the filtering results are filtered once more during the mapping process. Compared with the permanent magnet flux linkage ψf =1.0714 Wb shown in Table 2 , it can be seen that the HF algorithm can accurately identify the permanent magnet flux linkage under the above operating conditions, and the identification result is very close to the real value. Based on the estimated flux linkage, DM degree could be obtained by equation (10) . In order to more objectively evaluate the identification results, the differences between the identification value and the true value are calculated and shown in Table 3 . Table 3 shows the statistical results of flux linkage estimation errors at different DM degrees. From the table, we could observe that small values for the maximum error and root mean square error for flux linkage estimation confirms the need for updating the PMSM parameters in real-time even though the DM fault occurs. HF based flux linkage estimation method can converge to the real value within 2.5s when the initial value of flux linkage is inaccurate. For the root mean square error, it can be accepted under 1%. 
Conclusion
DM of the PM in PMSM is one of the major issues with this type of motor especially at higher power ratings. It occurs due to high temperatures resulting from poor ventilation or excessive short circuit currents and the aging phenomenon. In this paper, a simple as well as practical online fault detecting scheme is presented. the proposed scheme does not require any additional hardware and can effectively detect a fault during operation so long as the steady state condition is satisfied. In the scheme, HF algorithm is used to estimate the flux linkage. This algorithm is robustness to the initial value and environmental noise. The simulation results show the good performance of proposed algorithm for diagnosing DM faults of PMSM in EVs. 
